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The problem of conversion of experimentally measured luminescence spectrum into the absorption
cross section is revisited. The common practice of using the van Roosbroeck-Shockley (or Kubo-
Martin-Schwinger or Kennard-Stepanov) relation in this context is incorrect because luminescence
from semiconductors is essentially all due to the spontaneous emission component of the recombi-
nation of carriers distributed far-from-equilibrium. A simple, physically consistent, and practical
prescription for converting the luminescence spectra into absorption is presented and its relation to
the so-called nonequilibrium generalization of the van Roosbroeck-Shockley relationship is discussed.
PACS numbers: 78.20.Ci, 78.55.-m, 78.40.Fy
Quantum mechanics of interaction of the band states
of a semiconductor with the photon field is well estab-
lished and one has a choice of theories at different levels
of sophistication to model the emission and the absorp-
tion process.1–10 If the non-radiative processes and vari-
ous mechanisms of Stokes’ shift11 can be neglected, then
at least in principle, it should be straight-forward to in-
fer the absorption coefficient of the semiconductor from
the emission spectrum using the Einstein A and B coef-
ficients7 or the microscopic theory.2,10
A robust scheme to convert the photoluminescence
(PL) spectra into absorption is attractive. While absorp-
tion measurements with high dynamic range are difficult
for both quantum wells as well as thick bulk samples,
the emission (PL, electroluminescence) spectrum is much
easier to measure over a large dynamic range. Indeed
PL-excitation (PLE) spectroscopy has been a standard
technique to infer the absorption coefficient for quantum
wells. It will be nice if PL, which is a simpler measure-
ment than PLE, can itself be used to infer the absorption.
Also, it is the absorption cross section that is the theo-
retically calculated material property and one may want
to compare it with the measured PL.8
Long ago, assuming that in equilibrium with back-
ground thermal radiation, the photon emission rate
R(~ω) from a body would simply be the rate of absorp-
tion α(~ω) of thermal photons, van Roosbroeck-Shockley
(vR-S) derived the following relationship:1,12
R(~ω) =
[~ω]2n2
pi2c2~3
α(~ω)
1
exp(~ω/kBT )− 1
. (1)
This expression has become a standard prescription to
relate the PL with the absorption spectra.1–10,13–20 The
same prescription has also been used under the names
of the Kubo-Martin-Schwinger (KMS)8,19 and Kennard-
Stepanov relations.19,21 Clearly the use of Eq. (1) to ex-
tract the absorption from PL has a problem; as T → 0,
the emission rate R(~ω) goes to zero. But there must
be spontaneous emission even at zero temperature. The
zero-point modes of the electromagnetic field have no
temperature dependence. In fact, PL measurements
are usually done at low temperature to reduce the non-
radiative recombination contribution.
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FIG. 1: (color online) Low-energy tails of the experimental
PL (top) from GaAs quantum well at 4 and 10 K are al-
most same, whereas they seem to be drastically different when
transformed into absorption (bottom) using vR-S relation
Using Eq. (1), values of the absorption coefficient have
been inferred in a range that is orders of magnitude
larger than the dynamic range of the corresponding PL
spectrum.14 This point is clarified in Fig. 1. There is
no significant difference between the low-energy tails of
the experimentally measured PL spectra at 4 and 10 K
from a GaAs quantum well. But when these spectra are
transformed into absorption (normalized to experimen-
tally known value of the absorption coefficient at exciton
energy23) using Eq. (1), a drastically different bandtail
behavior is observed, with the extension of the bandtail
states to ultralow values of the absorption coefficient.
This artifact originates from the exp(~ω/kBT )-term in
Eq. (1). Through this term, temperature T artificially
controls the behavior (e.g., exponential tail and its slope)
of the absorption spectrum derived from PL. Thus, one
2has to be careful in drawing any conclusion on Urbach
edge from PL data through the use of Eq. (1).13
Equation (1) is indeed a correct formula but it is often
inappropriately handled. Actually, it is just a quantita-
tive statement of Kirchhoff’s law24 of thermal radiation
– an imperfect absorber is also an imperfect emitter. A
body in thermal equilibrium (within itself but not neces-
sarily with the surroundings), like an incandescent lamp
or a star with its own source of energy22 will emit a black-
body spectrum only if its density of states form a contin-
uum and are energy independent. The energy-dependent
‘greybody’ factor α(~ω) carries information about struc-
ture of the density of states.
It is erroneous to use this relationship to describe in-
terband emission from a semiconductor because this can
not be described by thermal equilibrium (or even detailed
balance) condition, regardless of how small the excitation
intensity is. The emission peak (if it is ∼ 1 eV) corre-
sponds to a temperature of many thousand Kelvin and
only the spontaneous emission process is important in
such cases. Approximate thermal equilibrium only exists
for intraband phenomena.14
In this letter, we derive the relationship between emis-
sion and absorption spectra in a useful form using the
standard framework of Einstein A and B coefficients
without resorting to a detailed balance argument. While
this treatment is very elementary, classic3,5 and mod-
ern6,9,16,17 textbooks on semiconductor physics continue
to derive the vR-S relation [Eq. (1)] and are at best am-
biguous about its scope.
Consider optical transitions between two energy lev-
els, c and v referring to states in the conduction and
valence band, respectively. According to Einstein’s the-
ory of spontaneous and stimulated emission,7 the rate
of downward transitions from the excited levels c to the
lower level v is
R(~ω) = Acv +BcvD(~ω), (2)
where D(~ω) =
8pin3[~ω]2
h3c3
1
exp(~ω/kBT )− 1
, (3)
Acv =
8pin3[~ω]2
h3c3
Bvc, and Bcv = Bvc. (4)
Here, D(~ω) is the photon distribution function and Bvc
is the rate of photon absorption in the medium.
Let us denote the absorption cross section, σ(~ω), as
the probability of absorption under the condition that
the lower (higher) energy state is guaranteed to be occu-
pied (unoccupied). By introducing a mean lifetime τ(ω)
of photons passing through an absorbing medium, Bvc
can be related to σ(~ω).3,5,6 With Bvc = 1/τ(ω) and
τ(ω) = n[cσ(~ω)]−1, we get Bvc = σ(~ω)c/n. Then
putting everything together, we get a relationship be-
tween emission and absorption rates :
R(~ω) =
n2[~ω]2
pi2~3c2
σ(~ω)
[
1 +
1
exp[~ω/kBT ]− 1
]
. (5)
For most semiconductors, i.e. those with an energy
gap of more than, say, 200 meV, ~ω > 8kBT ⇒ 1 +
[exp(~ω/kBT ) − 1]
−1 ∼ 1, even at room temperature.
Hence it is only the first term in the square bracket which
contributes to emission and we end up with an expres-
sion, R(~ω) ∼ [~ω]2σ(~ω), drastically different from Eq.
(1). Indeed this expression for spontaneous emission rate
is the same as Eq. 19(b) in the classic paper by McCum-
ber.25
The actual photoluminescence spectrum is given by
the product of the emission rate and the probability of
the excited state being occupied and the ground state
being unoccupied. Thus, the emission spectrum ℑ(~ω)
and σ(~ω) are related through:
ℑ(~ω) =
n2[~ω]2
pi2~3c2
σ(~ω)fc(1 − fv). (6)
Here fc = [exp(Ec − E
c
F )/kBT + 1]
−1 and (1 − fv) =
[exp(EvF − Ev)/kBT + 1]
−1 are the probabilities of the
conduction band states being occupied and the valence
band states being empty, EcF (E
v
F ) denotes the quasi-
Fermi energy for electron (hole) distribution in the con-
duction (valance) band,26 and Ec and E
c
F are measured
from the bottom of the conduction band whereas Ev and
EvF are measured from the top of the valence band. The
actual transition energy is ~ω = Ec − Ev. An approxi-
mation to Boltzmann like form:
fc(1 − fv) = exp
[
−
~ω − Eg
kBT
]
exp
[
∆F − Eg
kBT
]
(7)
with ∆F = Fc − Fv is only possible in the regions where
Ec − E
c
F >> kBT and E
v
F − Ev >> kBT and not ev-
erywhere. Close to the band edge, the complete Fermi
distributions should be used. This important point is
often overlooked.13,14
The above expression [Eq. (6)] for the emission spec-
trum also matches with our intuition that a PL spectrum
should just be the density of states at the low energy side
and the high energy side should denote the distribution
function (Fig. 2). For example, it is a standard prac-
tice to fit the electron (Boltzmann) distribution to the
high energy tail to extract the carrier temperature. Note
that the carrier temperature parameterizes the distribu-
tion function within a single band for which the notion
of equilibrium is approximately valid.
One also encounters a ‘nonequilibrium van
Roosbroeck-Shockley’ relation:2,6,27
ℑ(~ω) =
[~ω]2n2
pi2c2~3
α(~ω)
fc(1− fv)
fv − fc
. (8)
It is also recognized that the vR-S relation can be derived
from the above relation under equilibrium conditions and
indeed [fc(1−fv)]/(fv−fc) = [exp(~ω/kbT )−1]
−1 when
∆F = 0 (at equilibrium).6 Comparing Eq. (8) with our
Eq. (6), the difference is in the definition of the absorp-
tion coefficients in the two expressions: σ(~ω) in Eq. (6)
is the absorption cross section, viz. the absorption co-
efficient under the condition that the conduction band
is empty and the valence band is full, whereas α(~ω) in
3Carrier distribution
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FIG. 2: (color online) Schematic of the physical content of
Eq. (6). The PL signal is just the product of the absorption
spectrum that is proportional to the joint density of states3
and the quasi-Fermi distributions for electrons and holes. The
high energy tail of PL is proportional to exp[−E/kBT ]. For
regions close to the bandedge, the complete Fermi distribu-
tions must be used.
Eq. (8) is the absorption coefficient under the same con-
dition of nonequilibrium carrier density which existed for
during luminescence28, σ = α/(fv − fc). Put in another
way, in Eq. (8) the absorption coefficient α is the rate of
photon absorption under the condition of detailed bal-
ance between the emission and absorption process under
a certain nonequilibrium electron and hole density (and
thats why it yields the original vR-S relation for equi-
librium). While Eq. (8) is correct and indeed very use-
ful in situations where one wants to model the physics
when both absorption and emission processes are simul-
taneously operational (for example, in determining the
semiconductor laser gain threshold7), this absorption co-
efficient (α) is a strongly optical excitation (or electrical
injection) dependent quantity and not a fundamental ma-
terial parameter which one would normally be interested
in, and what the authors of, for example, Refs. 8, 13,
14, 19, 20 had in mind. Theoretically also σ(~ω) is the
quantity that is usually calculated and not the nonequi-
librium carrier density-dependent α(~ω) of Eq. (8).
To summarize, we have emphasized that usual van
Roosbroeck-Shockley relation [Eq. (1)], though correct,
is often inappropriately used in relating the absorption
to the spontaneous emission spectra of a semiconduc-
tor. We demonstrated that another elementary expres-
sion [Eq. (6)] accomplishes the task and is physically con-
sistent. It is hoped that with this clarification, more stud-
ies can consistently utilize the information contained in
the photoluminescence spectra by connecting it to the
absorption cross section, which is a material property.
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